Amongst the many different processes proposed for large scale carbon capture and storage (CCS), high temperature CO 2 looping has emerged as a favourable candidate due to the low theoretical energy penalties that can be achieved. Many different materials have been proposed for use in such a process, the process requiring fast CO 2 1 absorption reaction kinetics, as well as being able to cycle the material for multiple cycles without loss of capacity. Lithium ternary oxide materials, and in particular Li 2 ZrO 3 , have displayed promising performance but further modifications are needed to improve their rate of reaction with CO 2 . Previous studies have linked rates of lithium ionic conduction with CO 2 absorption in similar materials, and in this work we present work aimed at exploring the effect of aliovalent doping on the efficacy of Li 2 ZrO 3 as a CO 2 sorbent. Using a combination of x-ray powder diffraction, theoretical calculations and solid-state nuclear magnetic resonance, we studied the impact of Nb, Ta and Y doping on the structure, Li ionic motion and CO 2 absorption properties of Li 2 ZrO 3 . These methods allowed us to characterise the theoretical and experimental doping limit into the pure material, suggesting that vacancies formed upon doping are not fully disordered, but instead are correlated to the dopant atom positions, limiting the solubility range. Characterisation of the lithium motion using variable temperature solid-state nuclear magnetic resonance confirms that interstitial doping with Y retards the movement of Li ions in the structure, whereas vacancy doping with Nb or Ta results in a similar activation as observed for nominally pure Li 2 ZrO 3 . However, a marked reduction in the CO 2 absorption of the Nb and Ta doped samples suggests that doping also leads to a change in the carbonation equilibrium of Li 2 ZrO 3 disfavouring the CO 2 absorption at the reaction temperature. This study shows that a complex mixture of structural, kinetic and dynamic factors can influence the performance of Li-based materials for CCS, and underscores the importance of balancing these different factors in order to optimise the process.
Introduction
The ambitious targets set by governments around the world to reduce levels of greenhouse emissions require the implementation of new technologies to simultaneously decarbonise the economy while at the same time maintaining the economic output and growth that is expected to continue. Many different technologies have been proposed to help reduce the amount of CO 2 emissions from various parts of the economy, in particular from the power production sector, with varying levels of cost effectiveness and readiness. Carbon capture and storage (CCS) methods are going to be a necessary part of the mix of technologies used to meet these emissions targets, and their improvement and implementation is the focus of much current research. 1 The use of current mature CCS technologies such as liquid amines imposes a very large energy penalty (∼8-12.5%) to their associated power plants, in addition to problems with corrosion and degradation caused by the hazardous solvents. 2, 3 This reduction in generation efficiency leads to higher electricity prices, and as such it is desirable to develop new technologies with lower energy penalties so as to be able to implement CCS on a much wider scale, with only a few full-scale reactors currently being used.
A promising new approach involves the reversible reaction of CO 2 with various alkali oxide materials at elevated temperatures, resulting in the separation of CO 2 from the flue gas, ready for storage. The process is generally known as high temperature CO 2 absorption looping, as the material involved can be looped between its carbonated and regenerated states many times to perform an efficient separation. The most studied system is CaOCaCO 3 , which has a projected energy penalty of 6-8%, representing a marked improvement over other currently used processes. 2, 4 This is in part due to the fact that this process operates at very high temperatures (923-1223 K), which allows for the reintegration of waste heat back into the power generation cycle. However, the CaO-CaCO 3 system suffers from capacity fading after cycling for a long period of time, making it necessary to constantly inject new material into the CO 2 looping process. 
The reaction is exothermic, and generally occurs at lower temperatures than the CaO-CaCO 3 system (673-873 K), an advantage that would lead to lower energy penalties for use in CCS.
However, subsequent studies showed that the very slow kinetics of the carbonation reaction would limit its use in a cyclic process. 13 (x = 1/32), giving 40 symmetrically unique cells. The atomic positions and cell parameters were optimised for every doping configuration until all atomic forces were below 0.01 eV/Å.
All DFT calculations were performed using the VASP code, 32 with the PBE functional 33 and using the projector augmented wave method 34 to treat core electrons. A plane-wave cutoff of 600 eV was used, along with a 5×3×5 k-point grid for the Li 2 ZrO 3 sized cells, and a 3×2×3 k-point grid in the larger supercells.
The stability of the lowest energy doped cell at 0 K was assessed by comparing the energy of the cell to that of the convex hull of experimentally reported Li
, LiTaO 3 , and Li 3 TaO 4 . The structures of these phases were taken from the ICSD, 35 and their energies obtained following a full cell and structure optimisation using equivalent DFT parameters to those described above. Convex hulls were constructed using the pymatgen software.
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Finite temperature effects were included by calculating the mixing entropy, ∆S 
An alternative mixing entropy, ∆S 2 mix , was calculated assuming that the Li vacancy was always located adjacent to the dopant atom, such that only the contribution from Zr 4+ and Nb 5+ /Ta 5+ ions was included:
The doping free energy, ∆F n dope , was then calculated as ∆F
where ∆H dope is the previously calculated height of the doped system above the convex hull at a concentration of x = 0.25.
Nuclear Magnetic Resonance
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Li NMR spectra were obtained at 9.4 T on a Bruker Avance 400 MHz spectrometer operating at a Larmor frequency of 155.46 MHz. Variable temperature measurements from room temperature to 771 K were performed using a Bruker laser probe. 
Thermogravimetry
The carbonation behaviour of the samples was investigated using a thermogravimetric analyser (TGA/DSC 1, Mettler Toledo) operating at atmospheric pressure, as described in our previous studies of CCS materials. 40 In each experiment, a sample of ∼20 mg of powder was placed in a 70 µL alumina crucible, supported on a cantilever-type balance. Gases were fed to the reaction chamber through three gas ports, viz. reactive gas, purge gas and protective gas. The reaction chamber was electrically heated by a tubular furnace surrounding the balance. Both the protective gas and the purge gas were N 2 , and were fed to the TGA reaction chamber with a flow rate of 50 mL min −1 . The reactive gas was a stream of pre-mixed N 2 and CO 2 , fed by a capillary so that the gas could flow over the top of the crucible. The partial pressure of CO 2 at the surface of the solid sample was adjusted by varying the mix of N 2 and CO 2 in the reactive gas, while keeping a constant overall flow rate of 50 mL min −1 .
The actual CO 2 concentration at the gas-solid interface was calibrated against the wellunderstood thermodynamic CaO/CaCO 3 carbonation equilibrium. 41 For example, when a carbonated sample of pure CaO (98 wt %) was slowly heated in a specific mixture of CO 2 and N 2 , the temperature at the onset of CaCO 3 decomposition was recorded and the corresponding CO 2 partial pressure in contact with the solid phase was determined from the phase diagram of the CaO-CaCO 3 -CO 2 system. In the carbonation experiments, the samples were heated from 373 K to either 873 K or 973 K under a specific partial pressure of CO 2 ,
i.e. a specific N 2 /CO 2 ratio, while the calcination experiments were carried out at 1273 K under N 2 .
Results
Powder X-ray Diffraction Figure 2 . From the refinements it was also possible to extract phase fractions for the different phases present, labelled n 1 , n 2 and n 3 corresponding to the synthesis reaction:
This allows us to relate the nominal amount of doping, x, with the actual amount of doping, y, by using the refined phase fractions in the following equation:
The refined phase fractions for the different nominal amounts of Nb and Ta doping, along with the derived actual dopant concentrations, are shown in Table 1 Figure 5 . Figure   S4 ). The repulsive interactions between doped Ta 5+ ions will be much stronger at higher doping concentrations, where the average Ta 5+ -Ta 5+ separation is reduced, leading to a concentration dependent increase in the doping enthalpy per substituted Ta 5+ ion.
Although the doped compounds are predicted to be unstable at 0 K even at low con- region of stability matches much better with the low limit of doping seen experimentally for these systems, indicating that entropy of mixing on the dopant site must be the dominant driving force for substitution, overcoming any enthalpic variance. 7 
Li NMR
For the purpose of determining the influence of dopants on the rate of Li ionic motion in the Figure 7 , measured over the temperature range 295-773 K (spectra for undoped Li 2 ZrO 3 (x = 0) are shown in the Supporting Information). The measured at 295 K. All samples show a familiar pattern for a non-integer spin nucleus, with a sharp CT at ∼0 ppm, and a set of spinning sidebands from the satellite transitions.
As the temperature is increased, the ST spinning sideband linewidth broadens (measured as full width at half maximum, FWHM), reaching a maximum at around 573 K for Li (Figure 8 ). Changes in ST spinning sideband linewidth are a clear indication of ionic or molecular motion, as seen in other materials. 15, 48, 49 In the case of the Li 2 ZrO 3 structure, this corresponds to hopping of the Li ions between the two crystallographic sites, leading to initial broadening of the ST transitions, before narrowing at high temperatures when only a single averaged site is observed on the NMR timescale. 19 Both the Nb and Ta doped materials behave quite similarly,
while the Y doped material shows a similar broadening and then narrowing behaviour, but at a higher temperature. This is indicative of different rates of Li ionic mobility, and the following measurements aim to quantify this difference. 
Thermogravimetric measurements
In order to investigate the effect of doping on the CO 2 absorption properties, both undoped 
Discussion
In order to compare the rates of ionic mobility, and the activation energies of the conduction process in the three materials, we use a common parameter, the inverse correlation time
c , that can be derived from the T 1 fitting using a relationship previously used in similar studies:
50,51
where ω 0 is the If we take the τ for the ionic motion using the Arrhenius relationship:
The results from this fitting are shown in Figure 11 and The dominant mechanism for lithium diffusion in pure Li 2 ZrO 3 is considered to be direct hopping between crystallographic sites, requiring the presence of vacancies on both crystallographic sites. The origin for these Li + vacancies, even in a nominally fully stoichiometric the same mechanism drives the lithium ionic motion in the undoped material as well. While the activation energy does not change upon doping, the overall conductivity likely increases due to the increase in the concentration of lithium-ion vacancies. Further measurements utilising impedance spectroscopy are planned to characterise the influence of local structural changes on the overall bulk conductivity of the material further.
The fact that the Y doped sample has a higher activation energy compared to the stoichiometric Li 2 ZrO 3 indicates that the additional Li atoms present in the structure somehow impede the vacancy hopping mechanism at lower temperatures. These additional Li atoms may also fill the vacancies formed at the grain boundaries or in the bulk, further decreasing the available vacancy concentration in the material and retarding the overall lithium mobility. Unfortunately, the limited stability range for vacancy doping confirmed from the first principles calculations means that it is not possible to synthesise compounds with higher concentrations of vacancies that might lead to more significant changes in the rates of ionic motion compared to pure Li 2 ZrO 3 .
Further studies to improve our understanding of the formation of nonstoichiometric phases at grain boundaries will better elucidate the role they play in controlling ionic diffusion, as clearly this will also influence their effect on CO 2 absorption that also primarily occurs at surfaces and along grain boundaries. Investigating strategies to stabilise higher doped phases is also planned, in order to understand the connection between vacancy concentration and ionic diffusion.
Reviewing previous studies on Li 2 CO 3 , 15 it was hypothesised that lower barriers to Li ionic motion lead to higher rates of CO 2 absorption, as there appeared to be a connection between the higher rates of Li ionic motion activated at higher temperatures that corresponded well with the temperatures at which more rapid absorption was seen. In the current work this theory is consistent with the slower absorption rate of the Y doped sample as compared to pure Li 2 ZrO 3 observed in the TGA analysis, as the introduction of interstitial doping results in a higher activation energy barrier for Li motion. However, the converse behaviour is not observed for the Nb and Ta doped samples, which would be expected to display more rapid CO 2 absorption consistent with their higher vacancy concentration as compared to Li 2 ZrO 3 .
One theory that would support our results is that Nb and Ta doping has a significant influence on the carbonation equilibria of Li 2 ZrO 3 , decreasing the temperature required to regenerate the starting material. Considering the reaction in Equation (1), any modification that increases the stability of the Li 2 ZrO 3 phase relative to Li 2 CO 3 and ZrO 2 would cause the equilibrium to shift to the left, leading to a decrease in the amount of carbonated products formed. As discussed earlier, when entropic effects are included the Nb and Ta doped samples are in fact found to be more stable than pure Li 2 ZrO 3 (for small doping values), and therefore at the constant temperature at which the thermogravimetry in Figure 10 was performed, these doped samples would carbonate to a lesser extent relative to pure Li 2 ZrO 3 . The equilibrium would only have to shift by 50-100 K to lead to this effect, which is reasonable given the doping free energy is on the order of ∼ 0.05 eV ( Figure 6 ). Unfortunately, the two factors of equilibrium and ionic mobility are not able to be maximised simultaneously:
if the reaction is carried out at lower temperatures to shift the equilibrium back towards carbonation, then the ionic conduction is reduced and minimal carbonation is observed. A shift in equilibrium would also change the driving force for any ionic diffusion, which might also contribute to the slower than expected carbonation. This work therefore underlines the need to investigate doping schemes that can maximise gains in ionic dynamics while having careful control over the overall carbonation thermodynamics.
Conclusions
In this work we successfully synthesised various doped samples of Li 2 ZrO 3 and used a combination of x-ray diffraction, theoretical calculations and solid state NMR to characterise their structure and rates of Li ionic mobility.
Introducing Li-ion vacancies by doping with Nb and Ta was shown to lead to similar, lower energies of activation for Li motion as compared with interstitial doping with Y, and in the T 1 measurements these vacancy doped materials had similar activation energies to the pure Li 2 ZrO 3 material. Unfortunately, all the doped samples displayed inferior CO 2 absorption behaviour to Li 2 ZrO 3 , indicating that doping can also have a detrimental effect on the carbonation equilibria of the target material that works against the improvements in ionic conductivity created by the doping.
This work illustrates different strategies that can be used to characterise ionic motion in solid materials, and to quantify accurately the effect of different chemical doping methods.
In particular, solid state NMR is a powerful technique in this respect, and shows promise to develop further our understanding of the connection between structure, ionic motion and physical properties that are central to the development of novel CCS materials. It also underlines the balancing act that must be considered when developing new materials and doping schemes, aiming for significant changes in ionic conductivity without compromising the overall desired reaction thermodynamics. 
Graphical TOC Entry
